Rough strains of Salmonella typhimurium were sensitive to coliphage BF23. Spontaneous mutants resistant to BF23 (bfe) were isolated, and the trait was mapped using phage P1. The bfe gene in S. typhimurium was located between argF (66% co-transducible) and rif (61% co-transducible). The BF23-sensitive S. typhimurium strains were not sensitive to the E colicins. Cells of these rough strains adsorbed colicin, as measured by loss of E2 or E3 killing units from colicin solutions and by specific adsorption of 1"I-colicin E2 to bfe+ cells. Sensitivity to colicins El, E2, and E3 was observed in a S. typhimurium strain carrying the F'8 gal+ episome. This episome complemented the tolB mutation of Escherichia coli. We conclude that the bfe+ protein satisfies requirements for adsorption of both phage BF23 and the E colicins. In addition, expression of a gene from E. coli, possibly tolB, is necessary for efficient E colicin killing of S. typhimurium.
Rough strains of Salmonella typhimurium were sensitive to coliphage BF23. Spontaneous mutants resistant to BF23 (bfe) were isolated, and the trait was mapped using phage P1. The bfe gene in S. typhimurium was located between argF (66% co-transducible) and rif (61% co-transducible). The BF23-sensitive S. typhimurium strains were not sensitive to the E colicins. Cells of these rough strains adsorbed colicin, as measured by loss of E2 or E3 killing units from colicin solutions and by specific adsorption of 1"I-colicin E2 to bfe+ cells. Sensitivity to colicins El, E2, and E3 was observed in a S. typhimurium strain carrying the F'8 gal+ episome. This episome complemented the tolB mutation of Escherichia coli. We conclude that the bfe+ protein satisfies requirements for adsorption of both phage BF23 and the E colicins. In addition, expression of a gene from E. coli, possibly tolB, is necessary for efficient E colicin killing of S. typhimurium.
A mutation of Escherichia coli that confers simultaneous insensitivity to phage BF23 and colicins El, E2, and E3 was first described by Fredericq and is known as bfe (23) . This mutation is located at min 79 on the E. coli chromosome (2, 11) . Thus it is close to rif, the gene for the ,-subunit of ribonucleic acid polymerase (1, 8) . Mutants altered in the bfe gene are known as resistant strains, and the cells fail to adsorb the E colicins. They are distinguished on the basis of this property from several classes of tolerant (tol) mutants that adsorb colicins but are not efficiently killed (15, 16) .
The product of the bfe gene has been solubilized from the outer membrane of E. coli (19) and has been characterized as a protein of molecular weight 60,000 by Sabet and Schnaitman (20) . The partially purified receptor neutralizes colicins E2 and E3. It is not observed in a resistant mutant. This same protein is also involved in vitamin B,, binding prior to transport (3, 12) . As a result of these studies, the product of the bfe gene is among the best characterized of E. coli outer membrane proteins genetically and in terms of cellular function and affinity for phage and colicins. The tolerance phenomenon, on the other hand, has not been well defined and is presumably concerned with a stage in colicin killing beyond adsorption.
It was our initial purpose to study the expression of the bfe allele from E. coli in the Salmonella typhimurium cell. We 
MATERIALS AND METHODS
Bacterial and phage strains. Phage strains were from the collection of this laboratory, except BF23 which was from S. E. Luria. BF23 was propagated on an E. coli K-12 strain.
The bacterial strains and sources are listed in Table  1 . Strain GDA406 was derived from strain DB53 cysAl348 (Am) hisC527 (Am) sup+ by P22 transduction from the donor GLA55. The population of transductants was enriched for argA cells with penicillin (14) , samples were plated on minimal medium containing 1 gg of arginine per ml, and small colonies were screened for arginine auxotrophy. The rif-4 gene was transferred from PMR4 by transduction. The rec gene was transferred from strain DB43 Hfr to a trimethoprim-resistant derivative of the arginine auxotroph by conjugation and selection for thy+. The GDA406 strain and its derivatives in Table 1 P1 transduction. Phage P1 from E. coli K-12 grew in S. typhimurium G30 gal E (18) with an efficiency of 5 x 10-4, and high-titer lysates were prepared from these plaques. Pl-sensitive mutants of PMR4 and GLS87 were obtained from rough mutants of each strain by cospreading with P1, incubating at 37 C, and screening for nibbled colonies. Phage P1 grown on donor GPP3 rif-4 was used to transduce recipient GPA10 argF87 bfe-10 (4).
Colicin preparation and iodination. Colicin was prepared from colicinogenic cells grown in superbroth at 37 C with aeration to early log phase, induced with 0.4 Mg of mitomycin C per ml, and incubated 3 h at 37 C with aeration. The cells were collected and colicin was extracted and precipitated with ammonium sulfate as described by Herschman and Helinski (9) . The protein concentrations of colicins El, E2, and E3 were 18, 16, and 10 mg per ml, and the specific activities (9) were 9 x 104, 8 x 106, and 10" units/mg, respectively. Colicin assay and adsorption. Dilutions of colicin were applied to a lawn of a sensitive indicator strain (E. coli K-12 RVNal) with an apparatus that can remove samples of 5 Ml each from each of 25 sterile compartments. The titer was derived from the greatest dilution producing a clear zone of killing. Adsorption of unlabeled colicin was determined by incubating for 1 h at 37 C dilutions of colicin with equal volumes of adsorbing cells at an optical density at 600 nm of 1 in LB broth. Unadsorbed colicin was titered typhimurium is located in an analogous position to that on the E. coli chromosome, we used P1 transduction to determine whether this gene is linked to the markers argF87 and rif-4. The mutation rif-4 alters the d-subunit of ribonucleic acid polymerase and confers rifampin resistance to the enzyme in vitro (B. Young et al., manuscript in preparation). Transduction with phage P1 was necessary in this system since P22, the commonly used generalized transducing phage of S. typhimurium, requires the complete smooth 0 antigen as a cell wall receptor (24) . We constructed P1-sensitive strains GPP3 rif-4 for the donor and GPA10 argF87 bfe-10 for the recipient. A sample of GPA10 cells infected with P1 grown on GPP3 was plated on minimal medium lacking arginine. Another sample was diluted, grown for several generations, and plated on medium containing rifampin. The distribution of the unselected markers among transductants is shown in Table 4 . Arg+BF23R RifR is the phenotype of the least numerous class of transductants. This must result from a double recombination event (four cross overs) and indicates that bfe is the middle marker. Individual co-transduction frequencies were obtained for each pair of genes from these data (Fig. 1) . The gene order in S. typhimurium is argF-bfe-rif, the same as the order of the equivalent genes in E. coli (2, 11) .
Colicin adsorption by bfe8+ strains. We examined the S. typhimurium smooth and rough strains for sensitivity to colicins El, E2, and E3 by the soft-agar response test (15) and observed that all were insensitive by this criterion. Since the data in Tables 2 and 3 Genes on the F'8 gal+ episome affect colicin sensitivity in S. typhimurium. A plausible hypothesis for adsorption of the E colicins without killing is that S. typhimurium is functionally tolerant. Since several tol genes map close to gal in E. coli, we tested strain SL1694 F'8 gal+/ TA1659Agal for colicin E2 sensitivity by the soft-agar response test. We observed sensitivity although the circumference of the zone of killing was significantly smaller than that of a colicinsensitive E. coli strain. A small proportion of gal+ clones of SL1694, however, were not colicin sensitive. Gal-derivatives of SL1694 that had presumably lost the episome and the parent TA1659 were not sensitive in this test. Several colicin-insensitive colonies obtained from within the clear area of killing of SL1694 were Gal-; i.e., they had lost the F'8 episome.
Spot tests with concentrated colicin solution confirmed this finding and demonstrated that SL1694 was, in fact, more sensitive to colicins El, E2, and E3 than was TA1694 (Table 6 ). The survival of these strains in the presence of colicin E2 was determined quantitively (Fig. 2) and confirmed the spot test data; SL1694 was more sensitive (1.2% survival at 160 gg of E2 per ml) than was TA1659 (11% survival at the same concentration). The survival of S. typhimurium strain SBE21 carrying the episome F'110 was totally unaffected by any of the E colicins, even at the greatest concentration. By comparison, 0.0023% of the sensitive E. coli A437 cells survived treatment with 160 ng of E2, and 1.3% b ss2-E2 (32,000 counts/min input) was added to 4 ml of cells at an optical density at 600 nm of 1, and the mixture was incubated for 1 h at 37 C with aeration. Cells and controls were washed by centrifugation, resuspended, and precipitated with an equal volume of 10% trichloroacetic acid, and the precipitates were collected on glass fiber filters and counted for radioactivity. c Values were corrected for control without cells. (4) .
We have shown that sensitivity of S. typhimurium to colicins El, E2, and E3 is increased with additional genetic information carried on the episome F'8 gal+. Several arguments rule against genes of F'8 gal+ affecting the sensitivity of the biochemical targets of these colicins. Each of the E colicins has a characteristic effect on the cell, suggesting that the targets are different in each case (see Luria [13] for a review of this point). The F'8 gal+ episome is relatively small and is unlikely to carry genes affecting the structures of such divergent macromolecules as ribosomal ribonucleic acid, deoxyribonucleic acid, and the energy-associated proteins of the membrane. The finding of Sidikaro and Nomura (22) of in vitro sensitivity of ribosomes of Azotobacter vinelandii and Bacillus stearothermophilus to colicin E3 suggests that ribosomes of S. typhimurium may be similarly sensitive.
It is more likely that the F'8 gal+ episome carries a gene that affects the action of colicins at some stage subsequent to adsorption. We have shown that the F'8 episome used in this study includes the gene tolB+. It may also carry tolA+ or other genes that map close to gal and affect the tolerant phenotype. Since the S. typhimurium F'8 gal+ strain is sensitive to the E colicins and the F'110 strain is not, F-specific genes are not responsible for this effect. The extent of sensitivity of the F'8 gal+ S. typhimurium strain is less than that of a tolB E. coli strain. One may speculate that additional alleles from E. coli would be required to make colicin killing of S. typhimurium as efficient as it is in a fully sensitive E. coli strain.
Some classes of tolerant mutants of E. coli have defects associated with the cell wall or membrane that result in sensitivity to dyes and detergents (15) . A tolE mutation (5) has been characterized that alters lipopolysaccharide sugars, and the phenotype can be suppressed by addition of galactose to the medium. These findings have led to speculation that tolerance to colicins may result from nonspecific alterations in the inner or outer membrane. However, rough S. typhimurium adsorbs E colicins but is not efficiently killed. It is tolerant in a natural state, and its membranes are not unusually fragile or defective. The degree of tolerance is reduced severalfold in the strains carrying F'8 gal+.
Recently Jakes and Zinder (10) (17) have characterized a factor from E. coli cytoplasm that enhances the in vitro activity of colicin E3. This factor may be a protease that removes the immunity substance since limited trypsin digestion also activates E3. The factor may be localized in the membrane in vivo and released by sonic treatment in their procedure. Their studies suggest that colicin E3 molecules may be "processed" by removal of the immunity protein after colicin adsorption.
We are currently determining the fate of colicin molecules in sensitive cells. Future studies with tolerant mutants may be of value in elucidating the structural membrane requirements of colicin killing.
